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ABSTRACT 


Human subjects were exercised on a bicycle engometer, 
both pre- and post-training, at work loads designed to in- 
duce 70% and 100% MVO,. A control group was used for 
comparison with the pre-training subjects. A biopsy needle 
was used to take initial, fatigue and recovery samples from 
the vastus lateralis muscle of the thigh and these samples 
were assayed for changes in glycogen content and phosphory- 
lase enzyme activity. 

Training produced an adaptive response in muscle, 
characterized by biosynthesis of the specific phosphorylase 
protein, but a similar change in total phosphorylase was not 
observed durimg single bouts of either short maximal or 
prolonged submaximal exercise. the trained state was always 
associated with higher concentrations of active enzyme, 
Dinos ONO Valid ccm UCUNeMmDeLG@enuea ge: Ofwtnemenzyme mim UMe ra. 
form was unchanged due to the proportional increase in the 
HeVGlusmO mm bOudimphosphory laser 

Within any one group, no significant change in phos- 
Oma cmomvia SOU Ce RVeCeni meres pOnmsemuOnSanole exercise shou usr 
but the sensitivity of the phosphorylase interconversion 
mechanism to the experimental techniques and procedures did 
(OUEDeL I hoeV a micecCOnClUSTONS LO be drawn with respect to the 
relative importance of the a and b forms in glycogenolysis 
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CHAPTER I 


STATEMENT VORP THE PROBLEM 


Introduction 

Glycogen phosphorylase* is the principal enzyme in- 
volved in the breakdown of glycogen in both muscle and liver 
(16), catalyzing the initial conversion of glycogen to G-I-P. 
The pathway from glycogen tom lactic wacide is. a muUlti-enzyme 
System and the rate at which energy can be produced from 
glycogen is determined by the activities of certain enzymes 
wiicheact as. "directional flow values” (26:227) within the 
System. The phosphorylase enzyme limits the maximal rate at 
which energy can be produced from glycogen because it catalyzes 
the first reaction in the sequence (42, 80). The signifi- 
cance of the phosphorylase enzyme in exercise is clearly 
illustrated by McArdle's disease, in which muscle phosphory- 
lase is almost completely lacking (59, 71). Patients suffer- 


ing from this rare disease cannot make use of their muscle 


* Abbreviations used in this- thesis are: glycogen phosphory- 
lase = a-1, 4-glucan: orthophosphate glucosyltransferase, 
EC 2.4.1.1; glycogen Synthetase = uridine diphosphate glu- 
cose: a-l, 4-glucan-, 4-glucosyltransferase, EC 2.4.1.11; 
debranching enzyme = a-1, 6-glucosidase; branching enzyme = 
G=15 421.5 6=transglucosidase; UDPG = uridine diphosphate 
glucose; AMP = adenosine monophosphate; ADP = adenosine 
diphosphate; ATP = adenosine triphosphate; cyclic AMP or 
3,5'-AMP = 3,5'-adenosine phosphate; PCr = phosphocreatine; 
G-1-P = glucose-1]-phosphate; G-6-P = glucose-6-phosphate; 
G-6-Pase = glucose-6-phosphatase; PFKase = pnospnofructo- 
Kinase; P-b-Kase = phosphorylase-b-kinase; Pj = unorganic 
phosphate; DPN = NAD = diphosphopyridine nucleotide. 
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glycogen stores, and consequently, have a considerably 
yeducedephysiicals working capacity. 

Phosphorylase itself has been shown to exist in inter- 
GONE ati blest and sDeahormsea( 460 LA) sewhich differ tin mole- 
CUilicieWv en twandeactayvitye(45. 76). ethe-breakdown of ATP 
COMAM PR aWosear OUNnd #055)7 060i. Ol) etoebe sthees timulius «form phos 
phorylase b activity, whereas human phophorylase a was 85 
percent active independently of AMP levels (85). Consequently, 
only the a form of the enzyme has the potential to degrade 
glycogen in resting or aerobic skeletal muscle, in which the 
ATP concentration is high and AMP levels are low (60, 61). 
However, studies with animals have revealed that phosphorylase 
Uses LMOStesen Cine Ly sin athesbyaionin imeressting muscle and: that 
tetanic stimulation (18, 19, 74) or epinephrine administra- 
eNO Newel Cram le 635.004.) “CAUSESs sch eeaiDiida GONVERSA On, eto eth enra, 
TOM , 

Knox, Auerbach and Lin (43) reviewed the effects of a 
wide variety of physiological stimuli on enzyme activity 
and described sewor kinds: of enzymic adaptation. The first 
KinGmOmeddap dil ON! Shean cnange lnmethesiconcentration of the 
enzyme in the cell, and implies either synthesis or degrada- 
tion of the sipecifiic enzyme protein (29: 36., 43). Adaptive 
changes in concentration can be inferred from activity mea- 
Surements, provided that assay conditions are suitable 
(43:168). If, however, no change in activity is observed 
ide Guclso mECONCMAONS wet creDOSG LD lesat yest 1 lg eX 1S ts that a 


second kind of adaptation has taken place in vivo. This 
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second type of enzymic adaptation has been termed the kine- 
tic response, (43),orethei overall metabolic potential of) the 
cour oumenteInmrhe cel leu (29).s4kKinetic factors- probably 
play some role in momentary adjustments of metabolic rate 
Deforesenzymeabiosynthesisahase tamee top occurs (43: 176). 
From the foregoing discussion, it might be expected 
that physical training or conditioning would induce adapta- 
tion in terms of concentration changes, whereas unique exer- 
Gise DoUTS, especially Ofeshortyduratdonsswouldaproduce 
adaptations Ofeda kinelac natures 
Tie pnesphenvyiasema coulcybescssumedato bestheponly 
active form of the enzyme at any stage during exercise, then 
Piemassavedsactivatyeotepnosphonylaselasshoulderefidects the 
phosphorylase influence upon the rate of glycogenolysis. 
DiecieeUNOSDROry laSema seoncenthationeandatherrate og eglyco- 
genolysis do not change proportionally, then evidence atte 
fomeconsideravion »OrekineLlcucancepes such as the following, 
PieOGOeCGRLOMEX Dl ainmtheureactlon rates observed in vivo: 
BilemdetivaliOneoreifnactiVationsotephosphorydas eg b: 
by AMP and ATP levels (60, 61) 

- compartmentation within the cell] and the avail- 
ability of the substrate to the enzyme (34, 40) 

- the concentration of the debranching enzyme (1, 16) 

-~ the degree of cooperation of other enzymes in the 
glycolytic chain in the removal of end-products (42) 


- the local pH and temperature (46, 56). 
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statement of the Problem 

Thevpurpose of this study was to obtain muscle biopsy 
Samples from human subjects and to analyze these samples 
for possible adaptations of the phosphorylase enzyme. The 
Samples were to be obtained during exhaustive exercise of 
Short and long duration in trained and untrained subjects. 

Consideration was to be given to the following 

adaptations: 

(1) Changes in the total concentration of phosphory- 
lase present per unit weight of muscle, measured 
as thessummedsactiuvaties eof thesasand bifonms 
in an optimum-condition assay situation. 

(2) Changes in the amount of the active form of the 
enayines aplosphorybaseta, expressed both in abso- 
lutegtermseand lasea ipencentage of the-total 


enzyme concentration. 


Rationale Behind the Study 

The well-established fact that skeletal muscle tissue 
can undergo extreme changes in metabolic rate during exercise, 
1SeeSUl PEGIEN iwi ndiGabhon Lneitse | feethatakinetic iresponses 
of enzyme systems do occur. However, the postulate of an 
imeReasen ini kinetic efificrency withsetraining is istill<de- 
Poe hem (cian dus.) 3258307 ROS 98 25-683).. 

Considerable disagreement exists also with respect 


to the adaptive biosynthesis of enzyme protein in response 


Com Ger Gas tm lomel ie andetcaining (4730294931, 1325,.36, 82, 
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83). However, the abundance of positive responses obtained, 
COMOCMCMEDIhy STO Od ice les tin lig (4a), suggests that such an 
jc CeO rMmmISm like lyantO CCCUK i thasexercise 1S SUfficiently 
severe and prolonged. 

Most research into the phosphorylase enzyme system 
has been directed at an understanding of the nature and 
importance of the complex enzyme inter-conversion system. 
Consequently, a wealth of information is available on epine- 
Diaiema di MUSt hott OMNGLOem19euroo 45) andeLetanic electrical 


Seal ceconer lc, | Wet Oo TeMUsSG lest situ but con ly one 


Study (13) was found which examined the nature of the adap- 
tive responses to maximal or submaximal exercise. In addi- 
tLOnemVeCye Tew Studies, (29. G2,565)) have, considered the 
phosphorylase adaptation to training schedules. 

The use of human subjects in enzyme studies has not 
been practically feasible until the recent development of 
the needle biopsy technique (11). This procedure has been 
used successfully to determine human muscle glycogen content 
(23, 38, 49, 70) and one report has appeared in which the 
technique has been adapted to enzyme studies in exercise (41). 

is view of recent studies which have implicated muscle 
glycogen as an important energy source in maximal (49) and 
submaximal (23, 38, 49, 70) exercise, very little considera- 
tion has been given to the factors which may be limiting the 
production of energy from the substrate. No previous in- 
vestigations have been conducted on the phosphorylase enzyme 


responses to similar exercises or to training in human subjects. 
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Pathways of Glycogen Metabolism 

ATP is the immediate source of all energy for muscu- 
lar contraction (39). When one, or both, of the high-energy 
phosphate bonds of the ATP molecule are split, ADP and AMP, 
respectively, are formed. “Ine total ATP stores of muscle, 
however, are sufficient for only about 0.5 seconds of work 
at a maximal rate (79:749). The PCr stores can be used to 
resynthesize ATP according to the equation, PCr + ADP * Cr + 
PpemDUtetMhe™COUGAl Ubllization of tnese resources could only 
extend work time by a few seconds (79:750). Anaerobically, 
Lnesprincipalymethod stor resynthesis of ATP, from AMP and 
ADP in emuscle, is the conversion of glycogen or glucose 
Cie dap Y hUV NCmC eH dmuOniccua lem If Oxygen 1S aVailable, a 
great deal of ATP can be regenerated by oxidation of pyruvic 
dciemandmravaderiVatlnves . 

G-6-P and pyruvic acid are important components in 
the glycolytic sequence (Figure 1) because they occupy pri- 
mary junction sites. At the G-6-P junction (79:367), pathways 
enter from glycogen via the phosphorylase enzyme system, 
and from blood glucose catalyzed by hexokinase. The major 
output channel from this point is the Embden-Meyerhof path- 
way through to pyruvic acid. This pathway yields only a 


Small amount of energy per glucose molecule, 


ee 


wre Phosphorylase 
ATP—> ADP ners ~p¥ 
Hexokinase 
GIUC0S CBee a GITICOSE-6-P 
Fructose-6-P 
Phosphofructo- Fructose-1, 6-diphosphatase 
kinase 


Fructose-I, 6-diphosphate 


Phosphoglyceraldehyde 


ADP—>ATP 
DPN-—> DPNH 
Phosphoalyceric acid 


Enolphosphopyruvic acid 


ADP—-> ATP 
Pyruvic acid=—= Uae ecient 


FIGURE | 


PATHWAY FOR THE ANAEROBIC RELEASE OF ENERGY 
PROM GLYCOGEN IN SKELETAL MUS CEE 
Bonmaanonc (co. 9223) 
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An alternative degradative pathway, the hexosemono- 
phosphate shunt, leaves from the G-6-P junction, but this 
pathway requires oxygen. In the liver, the shunt pathway 
provides about 30 percent of the total energy but no evidence 
Oxi SiSmr OMe oe UNCtIOn unmskeletal muscle,(/9 2390) < 

Pyruvic acid (79:378) occupies the second major junc- 
tion site. Pyruvic acid molecules can enter the mitrochon- 
dria and, if oxygen is available, can be oxidized together 
with the pool of short-chain intermediates from fat and pro- 
LGMimenweabOlism. | Lhe enzymes or*the citric-acid cycle 
(Figure 2) and the flavoprotein-cytochrome system are res- 
ponsible for these oxidative reactions (26:219). The end- 
products are carbon dioxide, water, and a large amount of 
energyeain tientorm or AlP- for muscle contraction; This 
CiatimoOnereacilOnsmtunrvOuUdnepynuvate wand = tihvescitriceacid cycle 
produces the maximum energy yield from a unit of glucose 


(9) 


Cie 0 scam 0, TSCM UPS 3 0 P. 06 C0, +36 HA0 T30 ATP 


Lfronvoen mic Mot available, the pyruvic acid must pe 
converted to lactic acid, or anaerobic energy production 
will quickly cease. This conversion yields no additional 
energy, but the reaction is accompanied by the reformation 


Cmca OUP NS 1S in Short supply. in the muscles and 
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DPNH=DPN. : 


PROTEINSS==——= Alanine === Pyruvic acid === Lactic acid 
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Overall reaction: 


Pyruvic acid + oxygen > carbon dioxide + water 
————-——> 2 a 
CAH 93 a2 Mlip 0, 3 CO, Pe H.0 
OTA Dee eeeeuelo ALP 
FIGURE 2 
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is required for the conversion of phosphoglyceraldehyde to 
phosphoglyceric acid in the glycolytic sequence. The rela- 


tionship has been summarized as follows (79): 


3-phosphoglyceraldehyde DPN+ Tia Grea 1d 


ie) 


1,3-diphosphoglyceric acid DPNH DV VU 1 Cieac |G 


Raves mimiling Reactions ime GlycogensMetabol ism 

In a multi-enzyme system, some reactions may be 
essentially irreversible. These reactions proceed in one 
direction under the influence of one enzyme, and in the 
opposite direction under the influence of another enzyme. 
Factors which regulate metabolism act directly or indirectly 
at these "directional flow valves" (26:226). In the sequence 
Gmerede cidnse rolecglycogensto pyruyrc acid inpmuscle cells, 
the reactions (Figure 3) catalyzed by the phosphorylase and 
PFKase enzyme systems are potentially rate-limiting (19, 
20? LUM oie 196 1 eoU) oe erhospnenry tase catalyzes the 
first réaction in glycogenolysis and so should determine 
the maximal rate of the system (42). PEKase can actually 
GOnteOlethe rate at which glycolysis proceeds within the 
Vingtoeset by the initial phosphorylase activity (19, 42, 
ay). tele 

Several authors, however, have reported a high degree 
Cr mCOOCGTicmlOnm ieciGuactionrsor these two enzymes (ee 
Karpatkin, Helmreich, and Cori (42) obtained a maximum rate 


Gfulactate production,of 130° times the resting level when 
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they electrically stimulated isolated frog sartorius muscle 
and they remarked that this was not the maximal capacity 

of the system. Measurements of G-6-P and lactate levels 

at periodic intervals revealed that the two enzymes remained 
in step over a wide range of flow rates through the glycoly- 
tic system. Mansour (57), in a review of recent research, 
stated that the phosphorylase and PFKase enzyme systems 
appeared to be adapted to work in tandem. Both enzyme 
systems have been activated by cyclic AMP (76) and by phy- 
SOLO Moai CONGAItTIONS SUGhwaSmanaxid and muscular contraction 
Cspiemineaddvoronw therectivities of moth enzyme systems 
have been shown to be inhibited by the presence of ATP and 


enhanced by high concentrations of AMP (57). 


Functional Relationships of Enzymes in Glycogenolysis 
tirewenzymeyephosphorylase S'cannot tact Dy Atselyt *to 

completely degrade glycogen. Nor can the formation of the 

polysaccharide molecule be accomplished entirely be glyco- 

gen synthetase. Both of these enzymes act only at the 

a-1, 4-glucosidic linkages (56, 76). Complete breakdown 

of glycogen can be accomplished rapidly by phosphorylase in 

conjunction with debranching enzyme, amylo-1l, 6-glucosidase 

(56, 76). This debranching enzyme transfers the glycogen 

Sudeechains errommma=|56 "to! “a-194 “Pinkd¢es tand 

so makesmore substrate available to phosphorylase (1). 

Another transferase enzyme, oligo-1l, 471, 4-glucantransfe- 


rase, may be capable of substituting for phosphorylase, but 
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the rate would probably be so slow as to have no signifi- 


COncCemlleVvavOm UW) mroeverale gluicosidases which may be asso- 


ciated with glycogen breakdown, are also present in muscle, 
Diiwtieivesiqniticance is not yer Tully understood (68). 
Glycogen synthetase acts in conjunction with branch- 
ing enzyme to synthesize the complex glycogen molecule (16). 
The pathway is via G-1-P and UDPG (Figure 4) and has been 


expressed by French (24) as, 


glycogen 
Synthetase 
> 


UDP Ga Gi, oe G + UDP 


(n+1) 

Normally, in muscle, the synthetase and phosphorylase 
systems act simultaneously and in balance, such that glyco- 
Geneiseturned OVerra constant yate, with a half-life of 
approximately four days (76). However, if rapid breakdown 
TSmrecvireds. the DNYSIOlOgiGal Stimuia to activity must have 
opposite effects on the two enzyme systems. Such effects 
have been demonstrated in response to hypoxia (42, 61, 76), 
cyclic AMP and epinephrine (10, 18), and G-6-P (61). Insulin, 
which activates synthetase (50) has not been found to influ- 
ence phosphorylase (50). 

Staneloni and Piras (74) applied successive ten- 
SCCONCMLELANTCeStIMUl a Separated DY four Minutes of recovery . 


. 


to rat skeletal muscle in situ and measured the changes in 


phosphorylase and synthetase activity. The results revealed 
aaveny.Ceninive reciprocal relationship between the activities 


of the active form of the two enzymes, phosphorylase a and 
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FIGURE 4 
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OF GLYCOGEN. From Stetten and Stetten (75:515) 
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Synthetase I) to prevent unnecessary recycling of glucosyl 
residues. No changes in total enzyme concentrations were 
detected. 

Canal and Frattola (13) also found reciprocal changes 
in the active forms when rats were made to swim for six hours, 
but the changes were in the opposite direction to those 
Lepomtedsbyestaneloni and, Pires /4). in, response to, tetanus. 
Compared to the control rats, the fatigued animals were 
lower in phosphorylase a, though not significantly, and 
higher in synthetase I. The total concentrations of both 
enzymes were also higher in the group subjected to the pro- 
longed exercise, but again the phosphorylase change was not 
Sega edi tome hiigGer oS lullOUmsu On areCOVeGy.e Une OSiti.0Nns 


were reversed. 


Vie Duo ote oly cogenlandePRhosphornylase: in, Muscles Ce ils 
Glycogen is a complex, branched polymer of glucose 
CiCeelom ten Dien lpd iS lorage ts Orm Of, carbohydrates anh the 
body, the muscles and liver being the major depots. Phos- 
phorylase (52) and synthetase (58) have been shown to exist 
iimeasS. och dul Ole Wi the cdl ycogen. ah, thesparti culate granules of 
the cytoplasm (79:50), but are partially released from it 
during stimulation (74). Sigel and Pette (73) used histo- 
chemical staining techniques to localize phosphorylase, and 
Cnet meh ColVumencizyies In the rabbit, to the sites of the 
isotropic bands, which correspond to the cross-striations in 


muscle. this suggested either a location within the inter- 


1.6 


Piementanyasarcoplasm Of the actin filaments or an asso- 
ciation with the transverse sarcotubular system (73). 
Phosphorylase, however, has not been found to be 
CoUCuany ac Total Dinved @i Nid llatibersm( 228 644, 47 )senoreinedi frer- 
ent = hee (225 ae eno VeiNmcGdT Teremerregions of the 
Same muscle (44, 47, 67). Rather, muscle fibers have been 
Gecenelyveciass invedsby pothehietvocnemicaly(4/..67,). and bio- 
chemical (9) techniques, into a spectrum of types in which 
red and white fibers are the two extremes. Complex muscles 
like gastrocnemius and quadriceps have revealed a mozaic of 
enzyme patterns (Figure 5) (44). Gastrocnemius muscle was 
composed primarily of white fibers, while soleus was pre- 
dominantly red (67). Red fibers were found to be high in 
esterase and oxidative enzyme activity, and in mitochondrial 
and myoglobin contents (22, 67). White fibers had high 
concentrations of glycogen (48), phosphorylase and glycoly- 
Gremenzvnes: (4/207). (Despite this diversity in muscle, 
Several researchers have reported that human muscle glycogen 
levels, determined from needle biopsy specimens,were con- 
sistent in the two halves of the same biopsy specimen (38), 
Lie erODALecmeakeimirOiepLoxXimallaiidediStalspants 0f the same 
WuScles(s)sednd,iabiopsies from correspondings«muscles on the 
twousides of the body (3, 12). Muscle glycogen was differ- 
ent, however, in different muscle groups (38) and in red and 


Waite fibers. (48). 
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REGLONS #0 tae LUE MOUAD RICE SS Oba Aut 
Based on histochemical] detection of 
enzyme activity patterns. From 


KoWalski et al. (44) 


eC mc Cdl nia Teance OleGlycogenmass ane ENERGY a> OUTCe 


Two important factors might be expected to determine 
the priority usage of fuels by active skeletal muscle, the 
availability of extramuscular energy supplies and the avail- 
CMC ymOimOCY CCM OLE COMMUS DION Of nuclS. It, at any Gime, 
these supplies become inadequate, the muscle must become more 
dependent upon the anaerobic oxidation of intramuscular fuels. 


Glycogen is the only intramuscular substrate which could pro- 
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Vide significant amounts of energy under these circumstances. 
Hypothetically, then, the body should place a first priority 
upon muscle glycogen as a reserve energy supply, to be 
Spared for emergency situations. Glycogen degradation 
Would s then. be most rapid in-situations where blood supply 
to the cell was inadequate, oxidative capacity of the cell 
Was limited or extramuscular energy stores were exhausted. 

Some support for this theory is derived from the 
particularly rapid rates of glycogen breakdown observed in 
the initial stages of muscular activity (14, 80), when the 
DoGyeisestruggiingmto establish a newesteady state. At 
Gestuwov, in avery light Workeathesestores Of iycogen in the 
muscles are not depleted, fatty acids, and glucose extracted 
fGomeche wood, are the major Sources of energy (8, 79:754). 
As exercise becomes more intensive, glycogenolysis becomes 
increas ingly more erapid.(1/, 49)" 

Picnes Sal Gvelucco)mendedietmic. 125/70) are two other 
factors which have been found particularly influential in 


determining the rate of breakdown. 


vee nuosphory lase enzyne Sys ten 

Skeletal muscle glycogen phosphorylase has been the 
subject of extensive investigation over the past half cen- 
tury. These investigations have revealed a very complex 
enzyme system (Figure 6) involving one or more enzymes, as 


Welllmaswcoenzymes. dctivators, and inhibitors. 


HiicmO atone UEGORo LUC esSesiogested that. phos 
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phorylase was involved primarily in the synthesis of glyco- 
gen (16). However, in the late 1950's the glycogen synthe- 
tase enzyme was detected and a pathway for synthesis of 
glycogen through UDPG was hypothesized (52, 78). Evidence 
then began to accumulate for a solely degradative function 


for phosphorylase in vivo. At the 1964 CIBA Foundation 


Symposium on the control of glycogen metabolism, it was 
agreed thateunder the physiological, conditions which exist 

in the muscle, phosphorylase would have a predominantly, if 
not entirely, degradative function, while the synthetase 
System would be the principal pathway for glycogen formation. 
Injvitro, however, the phosphorylase reaction is readily 
reversible and, in fact, the reverse reaction is uSed as a 


basis for mosStaactivity measurements (17, 69). 


Pho SphorylaSemnasS mbCenaTOUNGm LOREX 1S Vai ied eandeb: 
FOUioMiGltem 4 oad COMDNOSDhOGY)etions eanGdwapdoublingedtethe 
molecular weight, being involved in» the conversion; from b 
Comoe (one / oO) a lhewdahornawasiiounds,capabiegofydegrading 
qlycogenseven anerestingsmuscle, butgwas present intonly. very 
SH GONCENL Met IONS a ca ecO eee lneabeformewas dependent 
UeChmnighmANPeleVvelsS fOuMactiVityeandewas sthereforesginactive 
ineresting or aérobic muscle (19, 60).. The conversion from 
ENemifactlVvertGnticwactivestorm of thepenzyme has been termed 
activation, and was shown to be under enzymatic control (45, 


Cem iitewenzynemGqdtalyZAingythesbytoqa reaction was referred 
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to as phosphorylase-b-kinase (46) while the deactivating 
enzyme was phosphorylase phosphatase, previously called 


PR-enzyme (15, 17). 


Activity of Phosphorylase b 

Eopiyeresearchers=reportea that=the concentrations 
of AMP required for phosphorylase b activity, were far in 
EXGeIsP On tinOSe Known LO OCCUYe in muscle ()on 7/9) SO) phos - 
phorylase a was postulated as the only active form of the 
enzyme. Evidence has been accumulating, however, that phos- 
phorylase b under physiological conditions, may be capable of 
catalyzing the breakdown of glycogen. Lyon and Porter (55) 
Exerc tsedpasStraimeofmice wniche Neeked P=b-=Kase in muscle 
and so could not convert phosphorylase b to phoSphorylase a. 
They found that these I-strain mice could perform endurance 
swimming exercise as well aS could the normal mice, and’ that 
glycogen supplies were™being*uti lized for the exercise, 
lintsmsugges bederidumnnosphcry lasesp Ieselt=COould@cetalyze 
glycogen breakdown in muscle, and that conversion to phosphory- 
le Cmom Com OumneCescdt VmnOl =tiiiss Ly PemOh sexercl oer 

Recent work by Morgan and Parmeggiani (60, 61) has 
provided an explanation for these contradictory findings. 


In vitro experiments with perfused rat hearts (60) and skele- 


Petenusclemor rabbits (6) )@led*to the conclusion? that phos - 
phorylase b could exert activity. High AMP concentrations 
Weres round to increase the activity of phosphorylase b, 


Wine ATP and G=6"P acted as inhibitors. In resting or aero- 
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bic muscle, where phosphorylase was almost entirely in the 

b form, ATP and G-6-P concentrations were sufficiently high 
POmInhib tatheractivating eftect of the low AMP levels: that 
were present. Consequently, glycogen levels were stable. 

In anaerobic muscle, however, the reverse situation pre- 
vailed. ATP and G-6-P levels were lowered while AMP levels 
were increased sufficiently to overcome the inhibitory 
effectss There was also an increase in phosphorylase a, 

and the results suggested that phosphorylase a and phosphory- 
lase b were almost equally responsible for the glycogen 


Deeakdownnthat ocecurredstn the anaerobic muscle. 


Activation of Phosphorylase-b-kinase 

Pa Dakdoe ee tKGRDIOSDNOLYViaSewailaSapeen TOUNGEtORGX1S.t 
THe CWO MIN LGGCONVertIbDGatonms Whichsaditferin activity (46). 
iiesemtwounorms have beenatermedsysimply, P-b-Kase active 
and inactive (45). The active form is required for phos- 
DmOmslaseab Coed Conversion pbutethesinactive Torn pRedomin-— 
UCoMmUNMLNCNGeS FING IMUSCICUmMKINGLIG analysis. (225.46) snas 
iicmedbeamthatekinase acbiVvationgsrdatnerethanapnospnhatase 
inwibition iSsresponsible for observed increases In ~phos- 
phorylase a levels during muscle stimulation. Activation of 
Dabakece we likemtie acolvatton of phosphorybases 1S sasphos- 
phorylation process (46), but the mechanism has proved ex- 
tremely complex (Figure 6). Both epinephrine administration 
Simic eLOweOn mace lON NaVesbeachefound to activate P=b=-Kase 


(45), but the mechanisms were not the same. 


ae) 


Effects of Epiniphrine on Phosphorylase Activity 


Epinephrine has long been known to stimulate glyco- 
genolysis in liver and muscle (17), and several researchers 
(19,33, 63) have detected sharp increases:in the percentage 
of phosphorylase a in the tissues after epinephrine adminis - 
tration. Epinephrine appears to activate adenyl cyclase, 
in the cell membrane (66, 76), to convert ATP to cyclic 
355'=AMPs ‘The cyclic nucleotide, in turn, appears to acti- 
vate an enzyme, Kinase II (45), which has so far defied 
identification. This kinase then activates the P-b-Kase 
(Ho muinuenee ine turns activates’ pnosphorylases  Cyclice AMP 
is not essential for the reaction to proceed, but it does 
act as an accelerator (46). Evidence from drug blockade 
Studtes (35, 545~/2) Suggests that the action of epinephrine 
TomVicmo-ddrenergic receptor sites end adeny! cyclase, 
possibly in the cell membrane (66). 

When compared to the effects of direct electrical 
Siam Om Omm ues ploSphoryldce cm | eVels O01 Ske Leta] 
muscle, epinephrine was found to act much more slowly and 
Pesomuotently (tossl9sw3s,842. 72). Whether epinephrine 
Heemvavtonmutavs any Sstontitcanc role in exercise 1S thus 
doubtful. Also, epinephrine was not found effective in acti- 
Vating G-6-Pase in liver (72) or PFKase’ (42, 57), the other 
Maver rate-himieing step in glycolysis. The» collated” evi-= 
dence suggests that epinephrine, as an activator of phos- 
phorylase, is secondary in significance to glucagon, in the 


hivereeanaetoemecianical Contraction, in the muscle. 
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An interesting observation, however, was made by 
PyonmandmPortere (55) ine their westrainomices (sEpinephrine 
did initiate glycogenolysis despite the genetic absence of 


P-b-Kase. Lundholm et al. (54) have suggested, as a possible 


explanation, that epinephrine can increase phosphorylase b 


activity by) lowering therlevels of ATP in the tissue. 


Effects of Muscular Contraction Upon Phosphorylase Activity 
Wilson et al. (80) found that, in a 30 second tetanus 
Orecaladastrocnemiussmuscle,.90 percent of stnesnexose enter- 
ing the glycolytic chain of reactions stemmed from glycogen 
rather than from blood glucose. Moreover, the concentrations 
of nucleotides AMP, ADP, and ATP were such that phosphorylase 
Decode nOtahavyesbeenpactive. waihese Findings,stogetherawith 
the extremely rapid glycolytic rates observed in situ (17, 
200m 42) shaver led) toythe conclusions that. the, phosphorylase 
b to a conversion assumes particular importance when skeletal 
muscle is subjected to high-frequency stimulation. 

Danforth, Helmreich and Cori (19) applied electrical 
stimuli to isolated frog sartorius muscle and, with improved 
techniques, were able to trace rapid changes in phosphorylase 
PeiiVatveaelhesproporigonsot theatotalyactivitygattributab je 
to phosphorylase a rose more quickly and settled at a 
higher steady state level, as the frequency of stimulation 
WASHING eased meALeo> SOCKS per Second, the percentage oT 


Diosoiorviasera ~ose from 2.8<to 90 percent after only 


three seconds. Complete recovery from the tetanus was 


Wy 


ae 
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obtained in about 60 seconds. Other researchers (17, 18) 
have found a similar relationship between stimulation fre- 
quency and rate of conversion to phosphorylase a. In none 
of these studies, however, did total phosphorylase (a + b) 
Ghamgersigniticanitl ye 

Further evidence for the importance of phosphory- 
lase a in high frequency stimulation was provided by Danforth 
and Lyon (20), who found a rate of glycogenolysis in normal 
mice which was twice that in the phosphorylase-a-deficient 
I-strain mice. Phosphorylase a was concluded to be the 
most efficient form of the enzyme during tetanus. 

lieatuandi nase l6s@19e W2j\athateclectrical stimule= 
tion produced a much faster activation than did epinephrine 
Suggested some alternative method of activation other than 
that mediated by cyclic AMP. The correlation between acti- 
vation and stimulation frequency led researchers to suggest 
that activation was possibly geared to the contraction 
Dino esis suliLcieHifen 47a Dy Jaen (heetundingy that Ca’ ions can 


activate P-b-Kase in vitro (46), has provided a strong link 


WikthmeULCaicONiLiae Cli One procesSu Dist 3bne magoraty sof researchers 
have failed in attempts to reverse the reaction (21, 46). 


A recent study, however, has reported reversal in vivo (62). 


lfisa strues reaction reversal can be demonstrated in vivo, 


tieminnky with the contraction) process’ will be substantiated. 
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Ahlborg (2, 3) Hultman (38), and Saltin and Hermansen 
(70) used the muscle biopsy technique to determine the gly- 
cogen content of human quadriceps during prolonged exercise 
on a bicycle ergometer. Work-loads were set to induce 
oxygen uptakes between 60 percent and 80 percent of maxi- 
mal. The glycogen levels were reduced progressively through- 
out the exercise, but breakdown rate appeared to decrease 
Slightly as exercise continued. Severe, but not absolute, 
depletion was always evident at the time of fatigue in 
these studies. 

No comparable studies have been conducted to deter- 
mine associated enzyme changes, but Canal and Frattola (13), 
have investigated the phosphorylase changes induced in 
MUS CLSSMOnEratsmDYs st snOUrs: OT =swinming. «Phosphorylase 
heOVetcusiieratseKililed taterest, ‘after exercise; and arter 
Six hours of recovery were compared. No measurements were 
made at intermediate times. Phosphorylase a levels were 
Fowerm tnevhemracrqiederacs ethan’ in elther resting or=-recovery 
Groups, but sthe differences were not significant. 

When low frequency electrical shocks were applied to 


. 


Gi SoresmOreVariouSsmanimels an Situ, phosphorylase, a acti= 


Vil VEVicCSMmLOUNGMELOMgISeeilOr|OWMleVelsS “initially. then) to 
gradually decline as stimulation continued. At the point 
of fatigue, levels of the a enzyme were very low, a pheno- 
menon observed also by Kugelberg and Edstrom (47) using 


histochemical techniques. Glycogen depletion rates, and 
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possibly even fatigue, could be explained by these phos- 
phorylase a changes. 

Lyon and Porter (55), however, have produced evidence 
DOmeeCtiVityeotephosphorylese b in submaximal work. I- 
Strain mice, which could not produce phosphorylase a, 
were capable of swimming for more than one hour, whereas 
normal mice became exhausted within 30 minutes. Moreover, 
the rate of glycogenolysis was higher in the I-mice. The 
longer work-times observed could be merely a reflection (38) 
Git iemextrenelyoh i Gheinitialedlycogenwleve ks einuthesl-s train 
aihtalsa( 55). but theafact remains that phosphorylase b 
WasmeapablesOfeacLiVit\y SULficient, to eproduce. the required 
amount of energy from glycogen. Total phosphorylase con- 
centration was the same in both groups. 

None of the studies reviewed (13, 17, 19, 74) re- 
ported any significant change in the total phosphorylase 
CONCeheratLLOoheot usc Le wdUing spRolonged ,exernrciSe. alnethe 
Sipe OUGES Wiles tudy DY Canal sand sarattolas( 12 ).. however, athe 
total phosphorylase activity in the fatigued rats was high, 
Suggesting that adaptive enzyme biosynthesis may have proved 
Significant if a more powerful experimental design had been 


employed. 


EiuceussOG Naina weaver oiseaUpon srhosphomy hase .Act iw yty 


Glycogen breakdown, in man, has been found to occur 
more rapidly during brief maximal exercise than during 


prolonged submaximal work (49, 70), but glycogen stores 
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Neues cll iva matathecpoinbeofi exhaustion (494 70) because 
CL 1 eteciTOigumexe wes Cmdiinations eCOrl hia), appliedeelect- 
rical stimuli to isolated frog gastrocnemius muscle and 
OMeainecdesiivuharanesubtss wan sinerease «in stimulation rate 
from 10 shocks per minute to 60 shocks per minute for six 
minutes produced a nine-fold increase in rate of glyco- 
genolysis. From these findings, it might be hypothesized 
that phosphorylase a levels should increase in proportion 
COMEMC Ba temOt Suni lat OnmonenuSsclem@contractions andathat 
the high glycogen levels, still present at fatigue, are a 
Wet feet lon sof Fthe vi nabil ity sof wiherenzymestosdedrade the 
Substrate possibly as a consequence of reconversion to form 
b. In a theory proposed by Cori (17), phosphorylase a 
WEeVveliswaverSatdmcomnise dumingseachycontraction-andefal] 
back toward the baseline, by reconversion, during each pause. 
If stimuli were continued, the baseline could gradually 
gusemcopproducewaneelevatedsmecstreyior phosphorylase at 
When muscle fatigue has set in, the baseline would drop back 
Dekoweunichake levels jaS ea resultjofesome Stimulus ,toerecon- 
version. 

EValuationeofathisehypothesisnisSadifracuit because 
experimental evidence and techniques are lacking. Several 
researchers have presented evidence obtained by varying 
electrical stimulation rates, but no studies have examined 
phosphorylase changes in response to maximal voluntary 


exercise. 
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Elects, Ofalraining Upon Phosphorylase Activity 


GciMinGmarami Tim reversmoteriiness. have been round. 
Mimo Cee ditMd s(4o504) and man (2.93. 49. 970) to be 
associated with high muscle glycogen concentrations. The 
glycogen, however, does not appear to be depleted to a 
lower baseline in the trained than in the untrained group 
(49), when relative work loads are used. No studies have 
actually compared the slope of the glycogen depletion curve, 
in trained and untrained subjects, with a view to determin- 
TiGetne SaQniticance Of the difterence. = Further research 
TominccceamcOe1UllywelUcidate the errects of training upon 
glycogen breakdown rate. 

Only two (29, 83) quantitative studies were found 
which related phosphorylase activity to training. Gould 
and Rawlinson (29) studied the effects of swim training, 
30 minutes per day for six weeks upon the levels of total 
phosphorylase in resting skeletal muscle of rats. No signi- 
ficant difference was obtained between the trained and un- 
trained groups. Holloszy (36), however, has suggested that 
the apparent absence of enzyme biosynthesis. in this study 
was a manifestation of the mild training program. Holloszy 
(36) has reported that even untrained rats in his laboratory 
were capable of swimming for six hours. Studies of the 
ChrecroNOheSiilatamiiGstrainindg programs: On other enzymes. 
have produced similar results (31). 

Yampolskaya and Yakovlev (82, 83) measured the 


Ppmrosphorvlic activity" displayed by resting muscle from 


& 


«a 


30 


trained and untrained rats. The hexose phosphate produced 
from glycogen was significantly higher in the trained than 
in the untrained animals even though training was very 
mild. Gould and Rawlinson (29), however, state that these 
results were probably a reflection of kinetic responses, 
since long-term incubation procedures were used for assay 
of large samples of tissue brei. 

Despite the dearth of information regarding training 
adaptations of the phosphorylase enzyme, the respones of 
other enzyme systems to various physiological stimuli (27, 
6245 305)°43, 48) Suggest that such adaptations are probable. 
SOmemencolbagingyhindings acy. 9/1) sine this: regard are that 
detraining, as produced by denervation or immobilization, 
has resulted in significantly lower levels of phosphorylase 
In muscle. Muscle glycogen levels have also been reduced 
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METHODS AND PROCEDURES 


PiUtachimioncesuDNeClLSmiLOucComvyears Ofeace Day ti 
Cipated in the study. Eight of these were members of the 
University of Alberta wrestling or track team and underwent 
a four month program of rigorous training and competition. 
The other seven subjects seldom engaged in exhaustive exer- 
cise and were classified as the control group. Only one 
series of tests was conducted on the control group but the 
active group was tested both pre- and post-training. 

FEE SSUES: i WSO ES COONS ad Idk NPE SESS TENS 
on a bicycle ergometer: a preliminary work capacity deter- 
mination, followed by both maximal and submaximal exercises 
LOmexiaus tion. During the maximal and submaximal. .tests, 
muscle samples were taken. These samples were weighed and 
frozen and at a later date analyzed for phosphorylase enzyme 


GiGeu Lda Vac 


Work Capacity Determinations 


The MVO, of each subject was initially assessed, on 


2 
a previously calibrated Monark bicycle ergometer, using the 
Astrand bicycle ergometer test (6, 7), as detailed by Glass- 
olen) Gl Allg AE) ane MVO, of the members of the active 


OUD ENe eGo s ccc SeCUmUYNOmeLON Lie NOSt=-tralning tests. 


Primus trance ves tieasUD eC t pede LleG sat 00... mM. 
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for six minutes at each work load. A metronome was used 
to control] the rate of pedalling, but the actual number of 
revolutions was not measured. The starting work load was 
600 kpm and work loads were raised at the discretion of the 
examiners, by increments of 300 kpm at low work levels and 
150 kpm at the higher work levels. Five minutes rest was 
allowed between successive increments. An expired air 
Sample was collected for one minute between the fifth and 
Sixth minutes of exercise at each work load. 

ilemCmiler lOve Ohm teria tation eOretiieg tes uaWacuan 
increase of 80 mi or Jess in oxygen uptake at successive 
work loads (5). The larger of the final two oxygen uptake 
values was recorded as the NVO.. The penultimate work load 
Wass recordedsas—ihe aximal work load. ihe work load corre- 
Sponding to an oxygen uptake of 70% MVO, was found by 
interpolation and recorded as the submaximal (70%) work 


load. 


The Maximal and Submaximal Tests 

The work loads for the submaximal and maximal tests 
WetemLtiGOceeTOUNndEDYeLieeASLGandyvest lOmelicit Oxygen sup= 
takes or 402 and,l002 of the MVO., respectively. These 
work loads were maintained throughout exercise and both 
tests were continued to exhaustion. The maximal test thus 
required a brief intensive effort, while the submaximal 


test was a prolonged exercise session. The criterion for 


termination of the exercise was the inability of the subject 
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Commatnta in) trespedal inate of 50 erpmas Theeduration of ‘the 
exercise was recorded in each case. With few exceptions, 
the submaximal test was performed first and several days 
later the maximal test was administered. 

A muscle biopsy needle of the type described by 
Bergstrom (11) was used to take samples from the vastus 
lateralis portion of the quadriceps. In the maximal test 
only three biopsies were taken: one at rest before the exer- 
cise, One@atalieatimnevot tdeclavedtficatigues “and tone tafter 
ten minutes of recovery. During the submaximal test, samples 
were taken before the exercise, every 20 minutes during the 
exercise, at the time of fatigue, and after ten minutes of 
recovery. The initial and recovery biopsies were taken with 
the subject in the reclining position; the remainder were 
Lawenawiiilemetivess Ubject was tsti iil Sitting ton tie tbicyc le: 
A@snomtime cduring sthe exercise “did the subject "cease oto 
pedal for longer than the few seconds needed to inject the 


ameestmeatnewor to insert e«and extract the biopsy needle. 


Controls 

Nomrigidecontrwols Were fenfopeedsbutethe subjects 
Wererasixed tornefrainanrom smoking, abcohohy; caffeine, 
fhaseindg secarbohydrate sloading sof ttheediet, and exhaustive 
Ser cusce hoy wade OWS priOneLOntLeStIndsesincereach tor these 
factors has been implicated in some way with metabolic 
balance, glycogen storage, or enzyme activity G2. Scien cs 
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and running shoes optional. Water was made available during 


PiemlcCotcelTereqvested. 


Muscle Biopsy Technique 

In preparation for muscle sampling, a section of the 
SCI nmOVe wy Inge thes vastusm|ateraiism ore tne stents or rignt 
leg was shaved and made aseptic. Ten millilitres of two 
percent xylocaine (without epinephrine) were injected to 
produce local anaesthesia and a scalpel was used to make a 
small incision in the skin and fascia of the muscle. Through 
this incision, the biopsy needle could be inserted at will 
and a small sample of muscle extracted. All the samples 
required during any one test were taken through the same 
incision. The biopsy needle was usually advanced three to 
five centimetres into the body of the muscle, but no attempt 
was made to control the precise depth of the insertion. 
During prolonged tests an additional dose of xylocaine was 
injected every 40 minutes. 

The muscle biopsy needle was composed of three cylin- 
drical metal tubes which Slid inside one another (Figure 7). 
The hollow outer needle (3.5 to 5 mm in diameter) converged 
to a sharp point and had a small window near the tip. A 
hollow cylinder with a plunger at one end and a sharp cutt- 
AiUmciGemaleLieCMOLIC Cs EllLLed nea tlyeinsidestne: outer needie 
and, when depressed, sliced off the small piece of muscle 
which bulged through the window. The needle was then ex- 


tracted from the muscle and the solid innermost cylinder, 
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PUNGH BIOPSY NEEDER FOR MUSCLE BIOPSY 
The stylet was used for pushing out 
biopsy sDecImens rom thes cylinder. 


(From Bergstrom, 1962 (11)). 


the stylet, was used to remove the sample. 


Weighing and Freezing of the Sample 

After extraction from the body, the muscle sample 
was transferred to the pan of a Roller-Smith Precision 
Balance. All visible fat and connective tissue was removed 
with a probe and forceps, and the sample was weighed. The 


weight was recorded, and the sample was tyansrerred 40 Une 
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bottom Offs al test) tubes +The test tube was then capped and 
immediately placed in a mixture of dry ice and 95 percent 
ethyl alcohol to freeze the sample and to prevent, as much 
as sDOSS 1Dle.swunther enzyme conversion. <dIhel total time 
taken, from the moment of extraction until freezing, did 

not exceed two minutes. The weight of any excess blood 
remaining in the pan was subtracted to obtain the weight 

of the sample in the testy tube. At the end of each testing 
Session all of the frozen muscle samples were taken to the 
Surgical-Medical Research Institute Laboratory at the Univer- 
sity of Alberta and stored in a deep freeze (-60°F) to await 


biochemical analysis. 


Phosphorylase Assay 

Phosphorylase activity was assessed by the isotopic 
technique of Russell, Tougas and Taylor (69). This method 
was developed especially for the rapid assay of glycogen 
cycle enzymes in small samples of muscle such as those ob- 
tained by muscle biopsy. Muscle samples weighing 25 to 75 
mg were suitable for assay. Phosphorylase determinations 


14, as the 


were made in the reverse direction, using G-1-P- 
substrate for reaction with muscle homogenates, and the rate 
of incorporation of labelled glucose into primer glycogen 
WosmmeaSuLeComWatimd wsiGUha SGINtiddataon, counter? 

Giveeeeim BishegescientaticaGoc tePittbsburgh,pPa: 
15219) was purified by chromatography on Bio Rad AD-1 anion 


exchange resin to remove AMP. All other chemicals used 
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Were reagent grade. Water distilled in Pyrex was used 
throughout. 

The tissue samples were frozen with liquid nitrogen 
in 4 ml of buffer solution containing 20 mmol/1 sodium 
glycerophosphate, 1 mmol/1 EDTA, 100 mmol/] NaF, and 20 mmol/1 
mercaptoethanol, pH 6.10 + 0.05*. The frozen buffer and 
Sample were ground to a fine paste in liquid nitrogen with 
dmmortarvand pestle, and then allowed to thaw. The result- 
ing suspension was centrifuged for 5 min at 1500 g and the 
Supernatant fluid was used for the assay. The extracts 
WeVemNeptsOnnice atl all times.) Ihesactivity was stable tor 
several hours, but decreased drastically if the sample was 
kept overnight at 0°C. The homogenates fractionated were 
Cent iiudgederc 30emin at Various speeds ina [ype 40 rotor 
tian s-507Ultracentrifuge (Beckman Instruments, Inc. , 
SDMCOmUTVerem ba lO tOwm Gala t= 94304 )\= 

For the assay procedure, tubes were prepared contain- 
ing 0.1 ml of the substrate solutions. These were equili- 
DigesuecmatesUaCeT Om lounine iteaewaterebatin,s together With 


the muscle extract samples. Samples of 0.1 ml were then 


PeN@e sand EDIA were present to inhibit the actions of phos- 
phorylase phosphatase and phosphorylase-b-kinase res- 
pectively, and thus prevent further interconversion between 
the phosphorylase a and b forms (19). 

The glycero] served to maintain the solution in 
liquid form at very low temperatures, and thus allowed 
the inhibitors to penetrate the muscle powder at these 
low temperatures (19). 

Mercaptoethanol was included to stabilize the phos- 
phorylase at the pH of the reaction. 
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audedmcomtivremsubstyate tubes, shaken, and timed.. Reaction 
was allowed to proceed for 5 min for the phosphorylase 
measurements. The reactions were stopped by adding 1 ml 
Siren eice-cold=solution GOntaining, trichloroacetic acid 
(6 g/100 ml), 2 mg of LiBr, and 1 mg of glycogen. The 
proteins were removed by centrifuging at 1000 g for 1 min, 
and the supernatant fluid was decanted. Cold 95% ethanol, 
2 ml, was added and the samples were allowed to set for 20 
min to precipitate the glycogen, then centrifuged at 2000 g 
for 10 min, the supernatant fluids decanted and discarded. 
The precipitates were washed with 66% ethanol and centri- 
fuged two more times. The glycogen pellets were finally 
resuspended in 1 ml of ethanol and washed into counting 
Vials with lem) of water. The vials were taken to dryness 
ins a Vacuumyoven at approximately 40°C. One ml of “NCS© 
reagent, a basic solubilizing agent (Nuclear-Chicago Corp., 
Des Plaines, I11. 60018), was added and the vial well shaken. 
Fifteen ml of toluene containing 4 g of PPO (Beckman Instru- 
ments, Inc.) and 50 mg of POPOP (Beckman Instruments, Inc.) 
per litre were added and the samples were counted in a 
liquid scintillation counter (Nuclear Chicago Mk 1). Count- 
ing efficiencies were determined by the channels-ratio 
method. Blank samples were run, the sample being added 
atte etiesquencihing solucion of trichloroacetic acid. 
MiLemcOmpOSUtLONSMO b= Live eSUDS Urales Were: 
Soueicieoleecgeor eg] /codansper 100 ml, 32 mmo|/] oT 
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G-]-P-' °C (4.3 x 10/ dpm/mmol) (New England 
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HiGlecmaccrpem ance si cia Cie. CO.) *in the 
buffer system used for homogenization, pH 6.1. 

SHU LONM UO ee ease fonesolutionetaye plus 2 nae of AMP 
(Sigma Chemical Co.). 

The substrate solutions were stored frozen in indivi- 
dual tubes, and remained usable for at least one month. 
Substrate solution (a) was used for determining phosphory- 
WesemaecdCenVitys: SUDStrate=so lution (D)-ewhicie contained 
the AMP, was used to obtain the total phosphorylase (a plus 
b) activity. Phosphorylase b activity was then calculated 
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Two analysis of variance designs were applied to 
the data. Design I (81:302-319) was used to compare the 
control group with the experimental group (pre-training) 
and so had repeated measures on one factor only. Design II 
(81:319-337) compared the same group of subjects pre- and 
post-training and so had repeated measures on Doth factors. 
SiX separate analyses were performed, uSing each design, 
to investigate the effects of maximal and submaximal exer- 
cise and training upon the activity levels of phosphorylase 
UpLOs pio gilcscmDeandmcOuvd lepiospiory lasers Only theminiti aly, 
final, and recovery values were used in these analyses. 


* All statistical procedures employed are outlined in de- 
Calle men ppenats C.. 
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The values obtained at 20 minute intervals, during sub- 
maximal exercise, were converted to percent values by 
linear interpolation and treated only graphically. 

Ingadditions to the analysis of varience tests, cer- 
tain multiple comparisons, selected a priori, were made 
between cell means using Tukey's w (HSD) procedure (77). 
Initial, final and recovery means, and also corresponding 
cell means for the two groups of subjects, were compared 
in this way. 

The analyses for designs I and II were not statisti- 
cally independent, since the pre-training results for the 
eWVeminentdaleGroup Were USed ine DOtha cesigns.. This swould 
normally necessitate the use of a more rigorous alpha level. 
Compensations were made, however, by the application of the 
Greenhouse and Geisser conservative test (30, 81:305) and 
Divencives US eno BalISitr ingen mu lt io ke ecomparnius anproce dire; 
Umevias BWen(/i/s Ole Co Pa weCOnsequengl ye, gunel0i005 Wevediitor 
Gl piraawas es till econs Ldered tasstheaypoint tofisignificance for 
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Reactions of Subjects to Muscle Sampling 

Subjects seldom complained of anything more than 
HicmrcNecndsd is COMPONt CURING soCecn ber the test. s Most 
SUpueetserepOrtedsalmost sinaileke Dociins within a few days, 
although in one case a mild haematoma did develop. Bleeding 
was not excessive and the incision in the working muscle 


did not appear to interfere with exercise performance. 


Phosphorylase Activities 

jeplesmleecOus wae Toles  OmLOmiomancenppendi cess bodtd 
D display the results of the study. Appendix B contains 
the raw data, while Appendix D presents the summary tables 
Dimceliumednse respectively slable Jecollates the subject 
TA eI and work capacities for the various groups, 
While. lables 2 and 3 summarize the significant results from 
analysis of variance and Tukey's w procedures. Figures 8 
to 13 are graphical representations of the means contained 
in Appendix D for phosphorylase a, phosphorylase b, total 
phsophorylase, and phosphorylase co percentage of the 


total enzyme activity. 


Comparison of Control Group with Pre-Training Group 


Maximal and submaximal work loads and work times and 
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the MVO, per kilogram body weight were similar for the con- 
trol and pre-training groups (Table 1). Analysis of vari- 
ance, however, revealed significant Groups and Treatments 
enmch CC CSem DUE ON! Ya TOrmpiospnorylase a scontent of muscle 
during submaximal exercise (Table 2). The interaction 
Caecum OMmUi smcdiic) VS Sawa Sano CesiCnliahodnt.alna 1ca tig 
Cig tetlemtrendSm ne chem al evellsnast rome init ud] 6 Fritiale er 
covery samples, were the same for the two groups. No com- 


parisons were made between pairs of cell means. 


Analysis ‘of Variance Applied to Pre- and Post-Training Groups 


The analysis of variance procedures, when applied 


to the data for the experimental group pre- and post-training, 
Viielidedesiawitereant Heratlos T1Or the Groupspmain er 1 ecvus 

only (Table 2). In all cases, except phosphorylase b levels 
during maximal exercise, the pre-training phosphorylase 

levels were significantly different from the post-training 
results (P < 0.05). The Treatments main effect was not 
Ciomiricammundersany sot etne analyses. | hesGroups, by lreat- 
MeneomINnceraction crrecu was a@1SO NOt Signimmcent throughout, 
iidicating that the trend in phosphorylase activity was the 
Same throughoutirest, fatigue, and recovery), in the two 


groups. 


Effects of Exercise Upon [otal Phosphorylase 


Short-term maximal exercise was found to produce 


little change in total phosphorylase content (Figure 9). 
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ies. 2 


SUMMARY OF SIGNIFICANT RESULTS FROM 
ANALYSIS OF VARIANCE 


Bestgn 1. Control and Pre-Training Groups 
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Design II. Pre- and Post-Training Groups 
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FIGURE 8 


PHOSPHORYLASE ACTIVITY DURING SUBMAXIMAL EXERCISE 
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PHOSPHORYLASE ACTIVITY DURING MAXIMAL EXERCISE 
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Initial, fatigue and recovery values were not significantly 
different from each other, in either the pre-training or 
post-training groups (Table 3). With prolonged submaximal 
exercise, however, a trend could be detected in the results. 
BigunemlOn(pottom shows, the curves of best-fit to the 
plotted means for the three groups during submaximal exer- 
cise. A gradual decrease in total phosphorylase content 
of the muscle was evident in the experimental group tested 
both pre- and post-training,* and yet the initial, fatigue 
and recovery values were not significantly different (Tables 


Cmondmosdnderi gure: 3s). 
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The best-fit curves in Figure 10 (top) suggest that 
CEG Emaar case inmpnCSspNory tase samlevelsumi gant: nave 
occurred throughout submaximal exercise. In each group, 
GhemmeaneamlevelS Were |O0Wer atetatLigque than initially 
(Figure 8), but in no case Was the difference significant 
(Tables 2 and 3). Phosphorylase b content was remarkably 
stable throughout the exercise (middle frame of Figure 10). 
licmproport OWeof stheatOtaleenzymespresent in the ay rorm 


was considerably variable (Figure 11). 


eetrendmanalysis COUld™nOte legitimately» be applied to 
these pesultsS, Since many of thesorniginal 25, 50 and 7/5 
percent values were derived by linear interpolation from 
obtained values; this procedure would tend to minimize 
the deviation from the best-fit curve and so would yield 
a greater chance of Significance. 
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SIGNIFICANCE OF MULTIPLE COMPARISONS 
USTNG TURES Ww PROCEDURE 
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lation from obtained values. 
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Effects of Maximal Exercise Upon Phosphorylase a Levels 


The results obtained in response to maximal exercise 
were very similar to the submaximal exercise results. Again 
no significant differences were found between ‘AOilatslecs | petted 1a 
and recovery values within any one group (Tables 2 and 3). 
nes ievels of ephosphorylase a and phosphorylase b and the 
proportions of the two forms of the enzyme, were remarkably 
constant in the samples (Figures 9, 12). 

The control group phosphorylase levels for maximal 
exercise appeared considerably high when compared to the 
pre-training group (Figure 9). The differences were signi- 
ficant for phosphorylase a and large, though not significant 
for total phosphorylase (Table 2). The'control group values 
were also considerabiy higher than the values for the same 
Subjects during submaximal exercise (Figures 8,9). These 
findings suggest that the submaximal exercise produced some 
fekiieChestress., gin the sedentary .control subjects, which was 
Stil pret hectedsin high «phosphorylase levels atthe. time of — 


maximal exercise, approximately one week later. 


SrLeGuSnOL einai nindalponel ocaleehosphorylase 

Aegis USO Lmvid GiaIGCBY1L Cl dedaS LOM inti Gantt alae uOSm) OF 
the Groups main effect for both maximal and submaximal exer- 
Gise (fable). Indicating. that some adaptation to training 
MagcGeOGGUliced.. 
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than in the same subjects pre-training, for both maximal 
(Figure 9) and submaximal (Figure 8, 10) exercise, but only 

a few of these differences proved significant using Tukey's 
Be Seeen (itd Temes )y The initial levels of total enzyme were 

Hot significantly highertin the post-training thanein the 
pre-training subjects. The final values and the recovery 
values were also not different after the submaximal exercise. 
In response to maximal exercise, however, the fatigue and 
BecoVeryeVvalties Weresboch Siligniticeantly highersim the treined 


Subjects. 


BireousmOie lr ani .UpOmebeve ISe Of Phos pnOny ascend: 


The tpre=training levels: of pphosphoryliase ja were al- 
ways lower (Figure 8, 9) than the corresponding post-training 
levels, but%again only two differences were Significant: 
the initial and recovery values of maximal exercise. The 
differences in the a levels appeared to be annulled, however, 
when phosphorylase a was expressed aS a percentage of the 
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Glycogen Breakdown During Maximal Exercise 

Figure |13tindicates that more’ rapid glycogen break- 
down occurred in the post-training than in the pre-training 
subjects. The post-training group had higher initial levels 
of glycogen and used 0.41 g/100 g tissue, COMmpareds LOnU. o7 


g/100 g in the pre-training group. 
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CHAPTER V 


DES Es ON 


The analysis of variance performed on the data One 
control and pre-training groups produced a significant F 
Vatloe tore the Groups main effect, with regard to phosphory— 
lase a levels. Consequently, generalizations can not legiti- 
Mace lyepesmade to Olney DOpUlaLions OF ;SeMmi-actdyessubgects. 
No multiple comparisons were performed on these results. 
NGweOvers practical considerations did not.permit. a second 
Ee immo Te tiles CONUrOle Groups = COINCIdent with mtnespost-training 
GesGomO lle Llemex Dey imental drOupe 

Any differences detected, then, between the pre- 
Comin Oma idmvOStT-ULralnihd Sub vects can NOt pens tri cr iy 
GutmiouredstOethesettTects Of the treiningeprogram; other, 
extraneous, factors could have been operating. In addition, 
Bicmocle rc c;OUDMiIed com OV mUOtclmanda, sculeVGlcmWere SU seg t 
COmecOMNSIGeraDlewVariation and sf luctluation., especially dur— 
ing submaximal @XenG psc ae eV DeVmO lm ese es Ul CS Gl SOUS su On 
will be limited to comparisons between the pre-training and 


DOStU-thaihind SUD ects. 


Effects of Submaximal Exercise Upon the Phosphorylase b ~ a 
Conversion 
Convey ons SOnmULeMUpiLlaln sitio Imada ieGoy er ya\viailues 


recorded during prolonged submaximal exercise at /0 percent 
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MVO., revealed no significant changes in total, a or percent 
a levels of the phosphorylase enzyme. These results, which 
are in accord with those of Canal and Frattola (13) induced 
by six hours of swimming in rats, would tend to imply that 
the b to a conversion mechanism is not important in exercise 
of this kind; either energy from skeletal muscle glycogen 

ism mneduiredmatwas ratesStsiacient to mer it conversion to 
the active form or else breakdown can occur rapidly in the 
abs encemor phosphorylase a.e Other studies (21.3, 49. 70) 
have found only gradual decline in muscle glycogen stores 
during submaximal exercise in man, so the former would seem 
to be the more plausible explanation. 

[heetne  presenmor study, pilosphory lasesas Wease actual jy 
quite high initially (65 to 80 percent of the total recorded 
activity) and showed a slight but progressive decrease in 
absolute levels throughout the exercise (Figure 10, top 
panel). Similar high values were found by Canal and Frattola 
(13). The final phosphorylase a levels, however, were not 
Significantly different from the initial values in either 
einem Da CEmNOy PDO SUE baaulit.daS Da) @Gto wes cial Ven elie iOngadesleve ls, 
POL aindcicdiys and, throughout exencise could be attributed 
POMANEaL Vy OlUNtLay .cONt~raciile response, of the muscle yo wapid 
cena wAGO ise s/eat OU Ndathatestotaephosphorydase, Was not 
changed by the freezing process, but that the amount of 
enzyme in the a form showed a rise of 15 percentile points. 
Even when the éffects of freezing are subtracted, however, 


the phosphorylase a levels still appear high in comparison 


8) 


COmyesul Usmobtaimeds with small animars (17 ,.08581992 IF 
high phosphorylase a concentrations are normal in resting 
human subjects, then the normal glycogen turnover would have 
to occur in the face of these high concentrations of active 
enzyme. Such rapid turnover would not seem probable from 

an efficiency viewpoint. More probably the high values are 
a response to handling or treatment of the samples. 

The observation that the amount of active phosphory- 
lase remains little changed, from resting values, during 
Such prolonged exercise, provides support for the theory of 
glycogen as a reserve energy supply. In submaximal exercise, 
when the body is able to achieve and maintain, a steady meta- 
bolic state, rapid glycogen breakdown should not be required. 
ihe ‘gradual glycogen store depletion that»has been frequently 
opserved (24° 35° 49%) 70) could be the®result’ of* kinetic fac- 
tors operating either to render phosphorylase b partially 
active or to inhibit the synthetase enzyme system. 

An alternative explanation could view the recorded 
Avital valueser Ore phoSpnoryidase= a as ralsely: ighs soe that 
CiemomlevealcmoctUcihyeCredS cece tileastants0l @xerGise, 
fiemiiciminitiaiweas revelsercould Sunder=this* theory > = be™=a 
manifestation of stress and catecholamine secretion in the 
apowehensiver subgects. —"iheecycltc~AMP» acceleration of 
P-b-Kase activation has beenewetl established (455 46,=54" 
ooieeundecanebe: initiated  by=epinephrine® (10; 452°63)% 

ied ominverestincetiatve=sc | (loucnm the absolute" levels 


of phosphorylase a in the muscle showed a progressive, Dut 
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insignificant decrease, until fatigue, the percentage, 01 
total activity attributable to phosphorylase a remained 
quite stable. This was due to an accompanying declining 
trend in total phosphorylase. The decrease in total phos- 
phorylase, though insignificant, certainly argues against 
the possibility of adaptive enzyme biosynthesis in the course 
Of exhaustive exercise of 65 to, 80 minutes duration. In 
Licerdtestucdveby Canaleand brattola, I3)je the wotalephospnory-— 
osewac MIVINLY Wasi OUNCmLOMINCrease,. DU tamotisaoniticantly. 
OVEVacs Sui Xe Our, SWit, period. 

The observations regarding the relative proportions 
of the a and b forms of phosphorylase should, however, be 
regarded with some reserve. A wide individual variation 
was observed (Appendix B). Considerable doubt must exist 
SommUOmM CiclLaya Une OUSerIVedman eve loeactualilyarer ects ln0se 
existing in the muscle. Cori (17) found that the percentage 
Ope PUOSD HO ny] asin am changed. considerably in mus Clesw Ot erats 
and frogs during three minutes immediately following tetanus. 
Imetacte tne. 2 a levels Of) rat gastrocnemius were, toundsto be 
lowers than, ing the, controls after, three minutes. of recovery 
from tetanus. Danforth, Helmreich and Cor} (19) substan- 
Paced eenese  mindiios  DUtiedlsOmnoOvedetitat une! tame taken) Tor 
a levels to return to the baseline during recovery was in- 
versely proportional to the stimulation frequency. The re- 
conversion rate, during maximal or submaximal exercise of 
pieokinenwusedusin toas Study. 1S. not Known, but. some reconver- 


Sionecould: be: expected to, occur in the 30 to 90, seconds bet- 
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ween the time of extraction and freezing of the Sample. 


Effects of Maximal Exercise Upon the Phosphorylase b < a 


Conversion 

Comparisons of the initial, final and recovery samples, 
in response to maximal exercise which produced exhaustion 
in nine to ten minutes, revealed no significant changes in 
total, a, or % a levels of the phosphorylase enzyme. The 
Hesntseticns are very similar toe those obtained with sub— 
maximal exercise. The percentage of phosphorylase in the a 
form was again quite high (40 to 60%) in initial samples and 
Similar conclusions could be drawn. The total concentration 
Of phosphorylase in the muscle was approximately the same 
before maximal as before submaximal exercise, within any one 
CimCUpmOmesUDE CC LS.  LNOCONLPOlecroup excepted, 

DES Lem NeedUSCHCesOTeChangemi lathe PiNospnony las cad 
fevels during exercise, glycogen breakdown was still observed. 
These results again Suggest that either the obtained initial 
PMC VelsmWere TalsSely high Ore that kinetic paONONE were 
operating to increase the activity of phosphorylase b or 


inhibit synthetase enzyme. 


PRuecuspor training UpDOn Ota Phosphorylase 


The analyses of variance of the total phosphorylase 
data indicated significant differences (Table 2) between the 
pre-training and post-training groups in both maximal (P < .01) 


and submaximal (P < .05) exercise. Throughout both types 
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Of exercise, the total enzyme concentration was higher after 
the subjects had completed four months of rigourous train- 
ing. These results imply that the concentration of the 
Specific phosphorylase protein in muscle had actually been 
raised to higher levels by biosynthesis. in response to train- 
ing. The demonstration of such phosphorylase adaptation is 
in keeping with research findings from other enzyme systems 
ineresponse sto Various physiological stimuli. 

Tukey's HSD procedure was used to test the signifi- 
cance of the difference between corresponding cell means 
for the pre- and post-training subjects. During submaximal 
exercise, no pairs of means were significantly different, 
even though the post-training group were considerably higher 
TimtOtalephospnorylasemactivity. of all times =. With maximal 
Cxencl ses etheetinalevValues tom the two groups and the re- 
covery values for the two groups were significantly different 
(P < .05); the difference in the two initial values was large 
but not significant. The failure of several of these differ- 
ences to attain Significance was probably a consequence 
Davi VerO meciicms LE INGeNCVmOT elie slUKEY SHLEST.. DULY alSO.07 
the large error terms involved in the assessments. These 
large error variances, in turn, were probably a reflection 


of inadequate experimental controls and techniques. 


BeprccussOnelraiuing Upon he Phospoorylase b < a Conversion 
The analyses of variance of the phosphorylase a data 


indicated significant differences (Table 2) between the pre- 


aby 


training and post-training groups in both maximal (P < .05) 
and submaximal exercise. However, when the a content was 
considered in relation to the total phosphorylase concentra- 
ULOMedgnimexDressededs 2 a,8n0 dirferences Were apparent 
between the two groups. The higher absolute levels of phos- 
phorylase a in the post-training group, were significant 
Gnlyedtethesinitialsand recovery Stages of maximal exercise, 
even though other differences were large. These higher a 
levels in the post-training subjects could undoubtedly account 
for the more rapid glycogen breakdown rate observed in res- 


DOnSe@mco, training. 
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SUMMARY AND CONCLUSION 


Summary 

Human subjects were exercised on a Wie eedewe. 
Dothepre- ahd post-training, at work loads designed to in- 
duce 70% and 100% MVO,. A control group was used for com- 
parisons with the pre-training group. A biopsy needle was 
used to take initial, fatigue and recovery samples from the 
vastus lateralis muscle of the thigh and these samples were 
assayed for changes in glycogen content and phosphorylase 
enzyme activity. 

Neither maximal nor submaximal exercise was found to 
produce any significant change in total phosphorylase or 
phosphorylase a activity in the muscle. Training, however, 
BoSUItedeineligietotalepnosphoryilase and phosphorylase ai 
concentrations at all times throughout exercise. The increases 
observed in total enzyme strongly implied adaptive enzyme 
biosynthesis in the muscle in response to training, although 
most differences between pairs of means failed to attain 
Stabisticdlmsilaniticance under JuKeycS Stringent HSD test. 

The increases in phosphorylase a concentrations with train- 
TigeM@enemolsOmIGCtLeSLGListdCallVYeSignit jhcante in many Cases, 
especiallyavitimsubmaximea i) Cxercise,. Dut the Size of the 
differences observed could probably account for the more rapid 


Gi eouveky colo inmthammedesupjecus. s ine percentage of the 
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enzyme in the a form was similar in pre- and post-training 
Subjects at the relative work loads employed. 

Because Of the sensitivity of the phosphorylase inter- 
conversion mechanism to freezing and to time taken to weigh 
the sample, the recorded levels of phosphorylase a and b 
Cannot be Considered reliable or valid indices of the pro- 
DOWutOnS ec Gta yaeuistent INetnesbody. slOtal phosphorylase 
measurements are not, however, subject to these effects. 

The inability to exert adequate supervisory control over 
the behaviour of human subjects, could also be held respon- 


Sible for some of the large individual variations observed. 


Conclusion 
Within the delimitations of the study, the following 
conclusions were drawn: 

GijmeineboOthepre-nandsposc=trainingsqrouns.. fatiquedsmuscle 
was associated with lower levels of phosphorylase a 
than either the initial or recovery samples, but the 
differences between the three means were not significant 
for either maximal or submaximal exercise. 

(2) Training produced an adaptative response in muscle, 
characterized by biosynthesis of the specific phosphory- 
TaSeeprovetfine Dut cusuilimarecnangesin total phosphorylase 
Wasenoumobserved during Single bouts of either short 
maximal or prolonged submaximal exercise. 

(3) The experimental subjects were also found to have higher 


concentrations of active enzyme, phosphorylase a, at the 
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end of the training program, but the percentage of the 
VZV iim mUleCmomTrOrnendssunChangedsaue tO the propor 
ElOndlewise sine total phosphorylase. 

(4) The questionable validity of the phosphorylase a and b 
results did not permit conclusions to be drawn with 
respect to the relative importance of these two enzyme 


TOR smernmon vCOGenOlySismOtmtie Onset oT Tati Ouer 
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Estimation of Missing Values 

One requirement of repeated measures design smi smecn at 
observations be available for each SU eVele on each repeated 
measure. All the missing values in the present study were 
estimated by the iterative procedure proposed by Yates (84) 
and recommended by Federer (23: 20) eo adem i sisson ve lie 


Xij in row i and column j of a matrix: 
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| r-1)(c-1 
where @ = number of columns 
G = number of rows 
Kee ec ems Umno meen (= lived UieS ual lec Olumni4 


Kee Gtieisum of tiel(c—) jewvalllutes? tin sow si 


x = the sum of the rc-!1 observations in the matrix. 


If more than one value was missing, guessed estimates 
WeremoDuained 10 Goch wee rmach Values sill “clrn. Was onen esta - 
mated by means of the formula. The cycle was then repeated 
for all missing values until the computed values became 
Stabilized. Three cycles were usually sufficient, depending 
upon the closeness of the original guessed estimates. 

Miso rMUuldmiseslUChmEld tecachesUbStituted T1quUre. ics 


its own expected value, and so the error sum of squares is 


minimized (23). 
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Basic Design I: Repeated Measures on One Factor (31%-9803-319)} 


Control vs. Pre-Training 


Group Subject Initial Final Recovery 
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LD RSs AAAS Aah ies ny Was not equal to N» in all cases, so 
an unweighted-means analysis was used (81: 375-378). Error 
variances were calculated using the data from all subjects, 
DUtmEVemnedtesdtares  fOregroups. streatmentsmange group x atred t— 


nentminteraction were derived by using only the cell) means. 


Basic Design II: Repeated Measures on Both Factors (81: 
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Dicic ion Otee etplanGce: ouMMaGys feble, for Desion I Control, vs. 


Pre-Training 


Source of Variation SS df* MS F 
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Error (a) and error-(b) are pooled error terms. No 
tests were made for homogeneity within these error terms. 
* g = number of groups = 2 
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= number of subjects in experimental group 
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DOME PE oeiance cummanyeravlermforiPesignell: Pre vs. 


Source of (Variation SS 
Between Subjects 


Within Subjects 
Groups 


Groups x Subjects SSiGy) 
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Conservative Degrees of Freedom for Critical F 


In both designs and in all multiple comparisons, a 


conservative test proposed by Greenhouse and Geisser (30) 


Was used to obtain the degrees of freedom for the critical 


Py ato. 


This conservative test makes maximum allowance for 


the danger, inherent in all repeated measures designs, of 


inequality and heterogeneity of variance-covariance matrices 


in the population. 


Between subjects effects are not suscep- 


tible to this source of error and so the degrees of freedom 


nOGmuleccmeT.CCtSaate notecihanged: 


The degrees of freedom for all sources ‘of variation 


within subjects must be multiplied by a factor, 


In jthis wayethe degrees of freedom for the critical F are 


reduced and fewer significant results are obtained. 
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Multiple Comparison Procedures 


Multiple comparisons performed on the results were 
non-orthogonal and determined a priori. Tukey's w proce- 
CUGeeen G/e/alee ami cedesinbernvarl range test, was used to test 
the significance of all comparisons. This is a fixed inter- 
val range test in the sense that the maximum range (k=6 cell 
means) is used in determining the critical value of the 
Student ized= range statistic (q,.) for each comparison. No 
Size-ordering of the means is necessary. Since the maximum 
oC omismuscdmcachmiiime = lUKeVuSeiLest sis <auitesstringent 
and fewer significant results are to be expected (81: 88). 


Instnesiukeyessweproceduye: 


- Standard error of a single mean = Jerror Ws » where N 


is the number of observations from which each mean is 


derived, 


PEGlnnecencespetWweenk means 
standard vericor 


The appropriate error mean square for each comparison 
is listed in the subsequent pages of this appendix. The 
Cieituned] tie USed= bORaSSesSe=sagnificance has kK equal to six 
in each case and conservative degrees of freedom associated 


with the appropriate error term. 
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Error Terms for Multiple Comparisons under Design II: 
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